Sporulation of Bacillus subtilis 168 was studied in chemostat cultures. Sporulation occurred at high frequency under limitation of growth by glucose or the nitrogen source in minimal medium, whereas rates of sporulation were low for Mg'+, phosphate, citrate, or tryptophan limitation. Sporulation was found at all growth rates tested, and the incidence of spores increased with decrease in growth rate of the culture. Within the range of growth rates up to the maximum obtainable with the defined medium, no threshold effect of growth rate on sporulation was observed. By studying transient states, it was possible to determine the time taken for the appearance of a refractile spore after initiation of a cell to sporulation. Under conditions of glucose limitation, cells were found to be committed to sporulation as soon as they were initiated. In nitrogen-limited cultures, however, a partial relief of nitrogen limitation prevented the development of spores during the first hour after initiation. The results of experiments with multistep changes in dilution rate of a chemostat culture indicate that initiation to sporulation is probably restricted to a particular point in the cell division cycle.
The hypothesis that sporulation in bacilli is a response to the depletion of nutrients necessary for growth was proposed by Buchner (4) in 1890 and has since appeared many times in the literature (10-12, 18, 14) . More recently it has been shown that certain Bacillus species (notably B. megaterium and B. subtilis) form a low proportion of spores in cultures even during exponential growth (1, 3, 23) . From observations of batch cultures growing at maximal rate, Schaeffer et al. (23) calculated a "probability for a cell to become committed to sporulate" in a wide variety of minimal media. They concluded that this probability which defines the decision to sporulate rather than grow is relatively independent of the growth rate of the culture, but depends on the carbon and nitrogen sources used for growth. The nature of these led them to propose that sporulation is repressed by nitrogen-containing catabolites. The growth rates were varied by using a variety of media containing different carbon or nitrogen substrates. This procedure leads to difficulty in determining whether the results are due to differences in growth rate or differences in the medium.
For study of cultures undergoing both growth and sporulation, continuous cultivation is, however, more suitable than batch culture, particularly for examining the effects on sporulation of the growth rate or of changes in the growth rate, because the growth rate can be made to depend on the concentration of a single component of the medium and effects due to qualitative differences are thus avoided. Continuous techniques have been reported in studies of a number of aspects of spore formation. Multistage continuous systems have been used to follow some changes in the morphology and metabolism of B. pumilis (19) , while single-stage chemostats have been applied in studies of the effects of growth rate changes (1) and of substrate limitations on sporulation in B. megaterium (2) and in Clostridium thermosaccharolyticum (15) and as a method for determining the timing of morphological changes during sporulation in B. subtilis (5 In addition, different types of substrate limitation have been imposed, at a fixed growth rate, to determine whether spore incidence at steady state varies with the nature of the limiting substrate. Finally, for the steady-state experiments, the effect of pH on sporulation was studied since, in the course of experiments carried out without direct pH control, some variation in pH was observed from one limitation to another.
Transient-state cultures have been used to study aspects of the initiation and commitment of cells to sporulation. It has been shown that cells initiated to sporulation reach a point of commitment at which sporulation continues with the completion of refractile spores even after the addition of substrates supporting rapid vegetative growth (10, 14, 21, 25) . It is known from resuspension experiments that cells become successively committed to one step after another in sporulation, and the process can be halted, if not reversed, up to quite a late stage by enriching the medium with hydrolyzed casein (21) . It has also been shown that the sporangium of initiated cells can resume multiplication under these conditions (at least in B. cereus and B. subtilis) until stage II of sporulation (see 22) is reached (8, 9, 26) . These findings have been extended by determining conditions under which commitment can be observed in the chemostat. Single-step changes in dilution rate are described for convenience as either "shift-up" or shift-down" changes depending on the direotion of the change in accordance with the usage of Kjeldgaard (17) .
A preliminary report of this paper was presented at the 4th International Symposium on the Continuous Cultivation of Micro-organisms, Prague, 1968.
MATERIALS AND METHODS Organism. B. subtilis Marburg strain 168, auxotrophic for indole or tryptophan, was stored as a spore suspension.
Cultivation. Continuous cultivation was carried out at 37 C in a chemostat containing 100 ml of culture stirred by vigorous aeration (1 liter/min of sterilefiltered, humidified air). Medium was added at a constant rate by means of a peristaltic pump, and the culture was maintained at constant volume by a syphon.
B. subtilis 168 was found to grow at low rates in media containing glucose as the sole carbon source and a second substrate, either citrate or glutamate, was necessary. The media employed were modifications of the sporulation medium of Donnellan, Nags, and Levinson (7) and, except for the limiting component which was present at the concentration given in parentheses, contained the following (in 1 liter): glucose, 2 g (0.5 g); sodium citrate 3H20, 0.5 g (0.045 g); NH4CI, 0.5 g (0.073 g); tryptophan, 0.02 g (0.001 g); KH2PO4, 1.36 g (0.027 g); Na2SO4, 0.142 g; NaNO3, 0.085 g; KCI, 0.075 g; MgCl2-6H20, 0.0246 g (0.001 g); FeCI3-6H20, 1.08 mg; MnCl2-4H20, 0.079 g; CaCl2*6H20, 0.219 g. The pH was brought to 7.1 with NaOH. For glutamate limitation, glutamate (0.1 g/liter) replaced both citrate and NH4Cl, and the magnesium ion concentration was raised to 25 mm to increase the stability of the organisms.
The chemostat was inoculated as described previously (5). Where necessary, it was modified for automatic pH control by using a Pye Dynacap pHmeter with auto-titrator and delivery-control units. The glass electrode was sterilized by prolonged storage in formaldehyde solution (10%). The external reference electrode was connected to the culture by a salt bridge containing saturated KCI solution.
Estimations. Refractility is expressed as the fraction of cells containing refractile spores visible under a phase-contrast microscope; cells were fixed in Formalin. Bacterial concentrations and culture pH values were measured as described previously (6) .
Asporogenous mutants were found to arise spontaneously in chemostat cultures and to have a selective advantage. This limited the time of running an experiment to about 2 weeks. Cultures were tested for asporogenous mutants by plating them on defined medium/agar plates. Asporogenous mutants were detected as white colonies on minimal medium/agar plates containing tryptophan on which the parent strain appears as brown colonies (16) . Contaminants, when they occurred, were usually recognizable microscopically and they also grew on minimal plates without tryptophan.
Qualitative determination of the growth limitation. Checks were done to ensure that the addition to each steady-state culture of the component presumed to be growth-limiting would, in fact, lead to an increase in the bacterial concentration. The following chemical tests were also applied: Benedict's reagent for glucose limitation, ninhydrin reagent for glutamate limitation, and Nessler reagent for ammonium ion.
RESULTS
Effect of pH on sporulation in steady-state continuous culture. A glucose-limited culture was grown in a chemostat system under automatic pH control. The bacterial concentration and the incidence of refractile spores were determined at several pH values at each of which the culture was allowed to reach steady state at a constant dilution rate of 0.12/hr (mean generation time of about 6 hr). Sporulation occurred to the same extent in cultures with pH in the range pH 6 toGlucose was still limiting for growth at all steady states.
Sporulation at various growth rates. The effect of growth rate on sporulation was determined by allowing the culture to reach steady state at a number of dilution rates. For nonsporulating organisms growing in a chemostat, the specific growth rate of the bacteria is equal to the dilution rate (13); for sporulating bacteria this is approximately true (6) .
The observed incidence of refractile spores at various dilution rates in both the glucose-limited and NH4+-limited cultures is given in Fig. 2 . From this the spore incidence under limitation of growth by glucose or by NH4+ is seen to be a continuous function of the dilution rate between values of 0.07 to 0.46/hr (i.e., mean generation times in the range of 10 to 1.5 hr).
It can also be shown that the incidence of cells initiated to spore formation as well as that of refractile spores is a continuous function of the dilution rate. The fraction of cells in a chemostat culture which have been initiated to spore formation (0r) can be calculated from the incidence of refractile spores (Or), the dilution rate (D), and the time taken for the appearance of a refractile spore (Tr) by means of the equation (5) 
hr).
For both types of substrate limitation, the fraction of refractile spores in the cultures began to increase markedly at 3 hr after the shift-down, and the approximate equilibrium value was reached after another 2 hr (Fig. 4) . Similar results were obtained in media containing glutamate in place of citrate, but in these experiments the increase in refractile spores took place between 5 and 7 hr after the change in dilution rate (5). Incidence of refractile spores in continuous culture after an increase in dilution rate (shift-up). When the cultures described above had attained steady states at the lower dilution rates, the reverse experiments, i.e., increasing the dilution rates were done. In the glucose-limited culture, there was a shift in dilution rate from 0.05 to 0.42/hr (mean generation time from about 14 to 1.7 hr). In the ammonium ion-limited culture, there was a shift in dilution rate from 0.09 to 0.40/hr (mean generation time from about 7.7 to 1.7 hr).
The two systems were found to behave differently (Fig. 5 ). In both cultures the incidence of refractile spores began to decrease immediately after the shift-up; this was the anticipated consequence of changing the dilution rate, and was therefore not due to a change in the rate of initiation of spore formation. Of more interest, how- Effect of a shift-up on the incidence of refractile spores in a chemostat culture. Chemostat cultures initially at steady state at low dilution rates were shifted to higher dilution rates at zero time. The incidence of refractile spores was determined at intervals after the change. Data are plotted for glucoselimited culture (0) shifted from a dilution rate of 0.05 to 0.42/hr and for an NH4+-limited culture (0) for the change in dilution rate from 0.09 to 0.40/hr. ever, was the onset of a further and more rapid rate of washout of refractile spores. In this, the two cultures differed since, in the glucose-limited culture, it began at 3 hr compared with about 2.2 hr in the NH4+-limited culture.
Periodic step changes in dilution rate. From the singleshift experiments described above, it is not possible to determine the fate of "uncommitted" cells which had been "initiated" to spore formation in the NH4+-limited cultures. There are a number of possibilities: (i) Sporulation was reversed after a shift-up, and vegetative growth may have resumed. (ii) Sporulation may have been halted but not reversed at the point reached when the shift-up occurred. (iii) Sporulation may have continued for some time after the shift-up, but stopped at some stage in the sequence prior to the onset of refractility.
These possibilities were investigated by imposing on an NH4+-limited culture, initially at steady state in the chemostat, alternating periods of step-down and step-up each of 30 min. In this experiment seven such changes in dilution rate were made between 0.41 (mean generation time about 1.7 hr) and 0.18/hr (corresponding to a mean generation time of about 4 hr). The incidence of refractile spores was determined at intervals over an 8-hr period.
Refractile spores increased in this culture in bursts, each beginning at about the minimum time (3 hr) after each shift-down (Fig. 6 ). The increment in the incidence of refractility in each burst (lasting about 30 min) was about 0.045, compared with an overall change from the system of about 0.18 after all changes had occurred. The overall change in the incidence of refractile spores was approximately that expected from a single shift-down of dilution rate from 0.41 to 0.18/hr. Similar results were obtained with glucose-limited systems.
From these results it appears that, at least under these conditions, sporulation continues in initiated cells for at least 30 min after a shift-up, since bursts of spores began to appear at about the minimal sporulation time after each shiftdown. That is, possibility (iii) applies.
DISCUSSION
It is apparent that sporulation can be initiated at a high rate, at least in B. subtilis 168, by a restriction in the supply of nutrients and that total starvation is unnecessary. Limitation of growth by either glucose or the nitrogen source leads to a high spore incidence at low growth rate (about 30% at a mean generation time of about 6 hr), whereas limiting the auxotrophic requirement or citrate or inorganic ions such as Mg2+ or phosphate does not (1% spores or less). Although these findings are consistent with the suggestions that sporulation is inhibited or repressed by a metabolite containing both carbon and nitrogen (20, 23) , it should be stressed that other models are possible in which the metabolite concentration is not the determining factor (6) . It is clear that there is a continuous relationship, not only between spore incidence and dilution rate, but also between initiation to sporulation and dilution rate, and that, at least between dilution rates of 0.05 and 0.45/hr, there is no threshold effect of growth rate or substrate concentration leading to high rates of spore initiation as suggested by Aubert et al. (1) . Instead, there is a probability at a particular growth rate that a cell will undergo sporulation (6, 23) . Contrary to the conclusion of Schaeffer et al. (23) , this probability depends on the growth rate of an organism as well as on the composition of the medium. The probability of sporulation taking place increases with decrease in growth rate.
Transient states. Transient states provide an additional way of studying initiation and commitment of cells to sporulation. For example, the time for the formation of a refractile spore in a chemostat culture can be conveniently measured in a shift-down experiment and the extent of commitment in shift-up. From the shift-down it appears that 3 hr is the minimal time required for an initiated cell to produce a refractile spore. In the shift-up experiments there is, also at 3 hr, a sharp fall in the number of refractile spores (Fig. 5 ) in glucoselimited cultures. These results are consistent with the assumption that, in the chemostat, cells are committed to forming refractile spores when sporulation is initiated, i.e., the process is not halted by the shift-up and the cells will, in due course, produce refractile spores. But, in addition, it has to be assumed that the shift-up has the immediate effect of lowering the rate at which vegetative cells are initiated. On these assumptions, one would expect the steep fall in spore count to begin after 3 hr, the least time for the completion of a refractile spore after initiation. This was observed in the glucose-limited culture.
If, however, the cells are not committed to refractility at initiation but only become so at some later stage, then only those cells in the culture that had reached this stage would produce refractile spores after the shift-up. Cells in the earlier stages would fail to do so. In this case the steep fall would occur earlier than 3 hr. This was found for the NH4+-limited culture which exhibits the change at 2.2 hr.
Apparently, then, partial relief of glucose limitation is not an effective way of stopping sporulation once it has been initiated, whereas partial relief of nitrogen starvation will stop development of spores during the first hour after initiation. Presumably, if the medium had been enriched to a greater extent, sporulation might have been halted at even later stages, as it is in resuspension cultures treated with hydrolyzed casein (21 to a discontinuous increase in refractile spores in the culture, as shown in Fig. 6 . Each step increase in spores lasted for about 30 min and accounted for 25 to 30% of the total amount of spores that would have appeared as the result of a prolonged shift-down. For the experiment described here, the mean generation time of the cells at the higher dilution rate was about 1.7 hr, and it would be expected that only about 25 to 30% of the cells would be able to reach a particular part of the cell division cycle during 30 min of shift-up. This is consistent with the fact that, after a prolonged shift-down, the culture takes about 2 hr to undergo the full change in the incidence of refractile spores (Fig. 4) . One explanation, although others are possible, for this apparent response of a fraction of the vegetative cell population to a short shift-down condition is that a cell can only be initiated and committed to sporulation at a particular point in the cell division or deoxyribonucleic acid replication cycles. The same point might be better shown by the use of synchronized cultures if these were not so difficult to obtain with this strain of B. subtilis.
